The overview of the 20-years joint RussianGerman multidisciplinary researches in the Arctic are represented in this article. Data were obtained during numerous marine and terrestrial expeditions, all-year-round measurements and observations. On the basis of modern research methods including satellite observation, radiocarbon (AMS 14 C) dating of the Arctic sea sediments, isotope, biochemical and other methods, the new unique records were obtained. Special emphasis devoted to the latest data concerning modern sea-ice, ocean and sedimentation processes, evolution of the permafrost and paleoenvironments in the Laptev Sea System.
INTRODUCTION
The Arctic comprises some of the most sensitive elements of the global environment, which are considered to respond rapidly to climate change. In this context the Laptev Sea and its Siberian hinterland are of particular interest. River discharge into the Laptev Sea constitutes a key source for the Arctic halocline´s freshwater budget, and the shallow Laptev Sea Shelf is a major ice production area, linking the Siberian shelves to the Arctic Ocean and the Nordic seas. The most vivid expression of the modern climate regime and its changes in real time in the Arctic is the rapidly shrinking Arctic sea ice cover, which during late summer 2007 was reduced to extend only across about two thirds of the Arctic Ocean [Overland et al., 2008] and which has substantially thinned over the past decades, leaving most of the Eurasian shelf seas ice-free during the summer. Much of this sea-ice Yelena I. Polyakova 1* is formed in the Eurasian shelf seas during the winter and then enters the Beaufort Gyre of the Transpolar Drift (Fig. 1) , and if it survives the seasonal changes over the years, it will finally be exported through Fram Strait to the Norwegian-Greenland Sea. The rapidly shrinking ice cover will result in major changes of the albedo in the future and hence of the radiation balance over the Arctic Ocean. We suspect that it will not only represent a response to but that the shrinking ice cover itself will contribute further climate changes.
However, our knowledge of the processes driving the Arctic system today and in the past is still very limited, thus making it difficult to predict future climate scenarios. The Polar region countries belong to one of the most weakly investigated regions of our planet. Moreover, these regions are almost uninhabited although the large natural resources are amassed here. Collaborative work of Russian and German marine and polar research institutions as a result of the new opportunities which opened up as a consequence of political developments started almost 20 years ago. The scientists involved in this collaboration have joined forces to carry out numerous joint expeditions and they pursue the philosophy of an interdisciplinary "systems" approach rather than allowing the individual disciplines to work isolated by themselves. The joint work during expeditions on research vessels at seas and in stations as well as field camps in the adjacent coastal area have not only produced an intimate partnership between Russian and German scientists, but it has also supported the definition and refinement of the "systems approach".
HISTORY OF COLLABORATION AND THE MAJOR PROJECTS

History of Collaboration
The Russian-German cooperation in the field of arctic research began in 1991 when the State Research Center -Arctic and Antarctic Research Institute (AARI, Russia) and the GEOMAR Research Center for Marine Geosciences (GEOMAR, Germany) organized a joint expedition for studying sea ice in the Laptev Sea. In May 1993, together with other Russian and German research institutions, AARI and GEOMAR held a scientific conference on the problems of the geosystem of the Laptev Sea. The Russian and German scientists were in agreement that the Laptev Sea region, comprising the Laptev Sea and the adjacent Siberian seas - the East Siberian Sea and the Kara Sea, the Taymyr/Severnaya Zemlya area, the New Siberian Islands and the bordering hinterland, is a unique natural complex without parallel anywhere on Earth.
At the beginning, the program was carried out on a bilateral basis between AARI and GEOMAR. On February 10, 1995 The ideology of the Russian-German arctic research was to involve highly skilled specialists. Leading scientists from Russia and Germany participated in the field works, data analysis, modeling, the synthesis of empiric data and the composition of scientific papers. A large number of young scientists and students took part not only in the field investigations, but also in the analysis of the data and preparation of the scientific results. Thus, for 20 years the joint research has yielded substantiated and highly interesting results. A new step in the development of the cooperation was the establishment of the For the years 2007-2009 the 4 th International Polar Year (IPY) has been mounted and has gained substantial support both from the scientific institutions involved as well as from the administrative and political authorities. The importance and impact of the IPY has lately been marked by a proposal of the personal deputy of the Russian presidency to IPY, Dr. Artur Chilingarov, to extend the duration of the ongoing IPY to a whole decade. Moreover, the 2011 was declared as the German-Russian Science Year due to bilateral intergovernmental consultations reaffirmed strategic partnership in education, research and innovation.
The Russian-German cooperation is an example of mutually beneficial, progressive, and trustful cooperation in the field of polar and marine research in the Arctic, a cooperation that is characterized by the fact that the partners are mutually complementary in their technological and financial possibilities as well as in the potential of their scientists for solving the fundamental problems of the contemporary environmental changes and of the paleoclimate in the severe conditions of these remote regions of the Arctic and in modeling the changes in this region under the impact of natural and anthropogenic factors.
Major Research Projects
In this article we aim to give overview of the 20-years joint Russian and German investigations of the extreme environmental system of the Laptev Sea. The Laptev Sea and its Siberian hinterland are of particular interest because of their distance both from the Atlantic and Pacific Oceans. River discharge into the Laptev Sea constitutes a key source for the Arctic freshwater input, and it generates a shallow brackish layer on top of the Arctic Ocean halocline (Fig. 2) . The shallow Laptev Sea shelf is a major area of sea-ice production that links the Siberian shelves of the Arctic Ocean with the Nordic seas. During the Last Glacial Maximum, most of these shelves were above sea level and developed thick permafrost sequences; today they are submarine, after having experienced the postglacial late Pleistocene and Holocene transgression. The history of the submarine permafrost and its modern state of decay are largely unknown.
The major comprehensive research program combining the efforts of several projects addressed both oceanic and terrestrial processes, and their consequences for marine and terrestrial biota, landscape evolution as well as land-ocean interactions [Kassens et al., 1999 [Kassens et al., , 2007 The combination of theoretical courses with simultaneous immersion into the profession are the keystone to successful education of highly skilled scientists, which is important in both national and international terms.
SYNTHESIS OF RESULTS OF RUSSIAN-GERMAN RESEARCH
The Siberian shelf can be regarded as an integrator of recent Arctic climatic changes that have occurred over the Eurasian Arctic and surrounding land. These include the reduction in sea-ice extent and thickness, warming of atmosphere, and increase in river discharge. Overall, these changes result in a profound modification of the local oceanic freshwater cycle. As a main source of the freshwater of the Arctic Ocean, the Siberian shelf is also critically important for feeding the halocline layer that buffers the cold, fresh surface layer from the warmer, saltier Atlantic water beneath. Therefore, in current article we aim to place high emphasis on the results of the marine researches carried out in the scope of the program "Laptev Sea System".
Modern Ocean and Sea-ice Processes
The current hydrography of the Laptev Sea water masses and the extent of its sea-ice cover are controlled by the interaction of the open Arctic Ocean water masses and the influx of freshwater from a number of major river systems.
Riverine Discharge
Freshwater input through river discharge is an important component of the freshwater balance of the Laptev Sea and the Arctic Ocean. The many rivers draining onto the Laptev Sea shelf comprise about 25% of the total annual riverine input into the Arctic Ocean. The main portions (> 70%) of freshwater are transported annually through the Lena River, the second largest river in northern Eurasia in terms of water discharge [Gordeev, 2000] .
In the frame of the first Laptev Sea System Project (1993-1999), a multidisciplinary working program was carried out at almost 500 stations in the Laptev Sea and along the Siberian rivers draining into the Laptev Sea. Due to hydrographic surveys it was concluded that the distribution of river water from the river mouths northward is quite stable in this shallow sea, and the direction of their distribution is governed by the sea bottom relief (Western and Eastern Lena River paleovalleys, Anabar and Khatanga paleovalleys, etc. Stable oxygen isotope measurements (δ 18 O) were used to investigate the effect of sea-ice formation and concurrent release of cold saltier waters (brine) to the water column. River water in the Arctic is highly depleted in δ 18 O relative to marine waters and the effect of sea-ice melting or formation on the water column can be separated from river source since seaice processes strongly influence salinity whereas the δ 18 O signal remains nearly unaltered. In the Siberian Arctic seas, flaw polynyas are most distinct in the Laptev Sea (Fig. 2) . One of the aims of the bilateral Russian-German project "Laptev Sea System -Global change in Eurasian Arctic shelf Seas: frontal zones and polynyas of the Laptev Sea" was to assess the spatial patterns and variability of ice growth in the Laptev Sea, including its linkage to atmospheric and oceanic processes as well as its importance for sediment transport through the entrainment of particulate matter.
Extensive data sets on the Laptev Sea seaice conditions have been collected during a number of Russian-German expeditions into the area. The understanding of the physics underlying the relevant oceanographic processes has been substantially improved, not least due to advances in measurement techniques, including the application of satellite remote sensing. Newly available data sets now provide an opportunity to evaluate the impact of the flaw polynyas on the hydrography of the Laptev Sea in more detail and to higher degree of accuracy. For instance, the impact of the coastal polynya on surface salinity, along with variable river runoff and atmospheric forcing, was analyzed and ice production rates were estimated based on the polynya hydrography. Ice production was obtained from the salinity distribution, which reflects the amount of brine rejection in the polynya. The rate of salinity adjustment in response to ice formation was evaluated statistically from time series of winter salinity observations. These results evidence that, for instance, in the eastern Laptev Sea polynya, the mean salinity increase of the surface layer can reach up to 4 units, corresponding to an ice production of 3 to 4 m [Dmitrenko et al., 2001 ]. Therefore, it was confirmed that the Laptev Sea polynya is an important ice source for the Transpolar Drift system.
It was also revealed that the winter sea-ice production anomalies in the Laptev Sea are linked to the wind-driven circulation anomalies in the Laptev Sea region and in general corresponds to the Arctic Oscillation ]. The increased winddriven advection of ice away from the Laptev Sea coast when the Arctic Oscillation (AO) is positive implies enhanced coastal polynya production and brine release into the shelf water. When the AO is negative, the ice production and seasonal salinity amplitude tends to weaken [Dmitrenko et al., 2001 ].
During the joint Russian-German 1999 expedition winter hydrographical parameters were measured with an ADCP. Moreover, a two-layer system of the water column in the polynya, north of the Lena Delta in spring 1999, was observed on the bases of CTD profiling, and therefore, it was shown that the Laptev Sea waters are stratified throughout the year. It was also revealed that the strong stratification limits the exchange of oxygen and phosphate between the bottom and surface waters. Remineralization of organic matter near/at the seafloor results in a depletion of oxygen and enrichment in phosphate .
The stable-isotope ice-core data from the fast ice area in the southeastern Laptev Sea, adjacent to the Lena Delta, demonstrated that river water contributes roughly two thirds to total landfast ice mass and may also exert an influence on the ice mass balance due to its impact on the surface water freezing point and thermal ice properties [Eicken et al., 2005] . For instance, in 1999, roughly one quarter of total river discharge was locked up in the southeastern Laptev Sea landfast ice, and possibly as much as another 10-20% may have been entrained into the landfast ice of the western East Siberian Sea. The entrainment of river water into the landfast ice cover is also of importance from the perspective of cross-shelf freshwater transfer and large-scale mixing processes.
The existence of the vast shelf areas (Kara, Laptev and East-Siberian Seas) covered with fast ice during the winter period considerably hampers navigation. The average interannual position of the fast ice edge depends upon the bottom relief, being restricted to the 25-30 m isobaths. However, its annual variations against the average position are available. Based on field, remote-sensing, and hydrological survey (1979-1998) data, and statistical analysis it is shown that the flood river runoff affects fast-ice extension during the next winter. The observed correlation between ice extension and flood river runoff is the result of thermodynamic processes induced by penetration of river water, and confirms the supposition about the negative influence of river discharge on ice formation in the coastal regions of the Arctic seas .
Atlantic Water Advection
The Arctic is responding more rapidly to global warming that most other areas on our planet. Northward-flowing Atlantic Water (AW) is the major means of heat advection toward the Arctic and strongly affects the sea ice distribution. Records of its natural variability are critical for the understanding of feedback mechanisms and the future of the Arctic climate system. Detection and documentation of the current anomalous state of the Arctic Ocean is possible only thanks to concerted international observational efforts. This AW is carried into and through the Arctic Ocean by the pan-Arctic boundary current, which moves cyclonically along the basin´s margin (Fig. 5) . The speed of along-slope warming propagation was estimated using the distinctive pattern of this warming event.
According to these estimates, it took ~5 years for the warming to reach the Laptev Sea slope from the Fram Strait region 
Processes of Modern Sedimentation
Like the wind-forced dynamics of the ice regime, sediment transport is also strongly affected by different regimes of atmospheric circulation and ice cover. New data show that this effect starts as soon as the Laptev Sea flaw polynya opens up during winter 
Red arrows trace the AW pathways. Yellow circles mark the mooring position [Dmitrenko et al., 2008]. White line shows along-margin CTD/XBT Transect C occupied in August-September 2005. Inset shows CTD cross-margin transects A and B (red lines) carried out in 2002-2005. Bathymetry is adapted from the International Bathymetric
Chart Evidence has accumulated over the past two decades that demonstrates that the , who has shown that even during winter, the strong density stratification of the water column, especially in the eastern Laptev Sea, prevents convection from penetrating down to the seafloor. Thus, resuspension of finegrained bottom sediments accompanied by suspension freezing beneath the polynya is unlikely to occur in the eastern Laptev Sea. This supports the hypothesis that the fall freeze-up (October) might also be an important and as yet underestimated period for the formation and export of sedimentladen sea ice.
Fig. 6. Schematic overview of sediment transport dynamics on an NS-transect along the Eastern Lena Valley during the river-ice breakup (after Wegner et al., 2005): (a) the ice-free period, (b) and beneath the fast ice, (c) under the fast ice conditions; (d) with the arrows indicating the general transport direction of SPM and the length of the Black boxes indicating the modern sedimentation rates
The incorporation of sediments into newly formed ice is not only important for the transport of sediments, Arctic sea ice also plays a crucial role for the large-scale transport and cycling of trace elements [Kassens et al., 1999 [Kassens et al., , 2007 . Within the framework of an interdisciplinary field study of freeze-up processes in the Laptev Sea, Hölemann et al. [1999] observed that the concentrations of dissolved Mn, Fe, Cd, and Pb in newly formed sediment-laden ice were up to 40 times higher than the measured dissolved concentrations were in seawater and fresh water in the region of ice formation. Another key element of the modern environment of the Laptev Sea and the transport processes between this marginal sea and the Arctic Basin is the spring freshet of the Lena River [Kassens et al., 1999 [Kassens et al., , 2007 . It was established that during the high discharge period in May and June, ~30% of annual runoff and 60% of suspended sediments are discharged onto the still ice-covered shelf. In the course of the freshet, riverine dissolved and particulate substances are transported in a freshwater layer beneath the fast ice of the Laptev Sea. These river-to-sea transport processes show strong interannual variations because the dynamics of the spring flood and the extension of the fast ice in spring are controlled by short-term atmospheric processes. 
Results of atmospheric aerosols and insoluble particles in snow in
Marine Ecosystem
Biological studies focused on the abundance and community structure of phytoplankton, zooplankton, and benthos as well as benthic life in relation to environmental changes [Kassens et al., 1999 [Kassens et al., , 2007 . It was revealed that river runoff has a pronounced influence on the distribution, activity, and community structure of the phytoplankton and zooplankton in the whole shelf region In the Laptev Sea the overall phytoplankton biomass during the summer period given by carbon content of the different taxa wasrelatively low compared to other Arctic shelf regions, despite a maximum of chlorophyll a, revealing the influence of the Lena River runoff. In newly forming sea ice, pigment concentrations varied considerably. However, total algal biomass within the new and young ice was relatively high and within the range of the water column standing stock in autumn [Tushling et al., 2000] .
Zooplankton in the southern and eastern regions of the Laptev Sea contributed as much as 27% of total biomass. Three distinct faunal provinces were identified by multivariate analysis in the central, the northern, and the southeastern parts of the Laptev Sea. It was supported by the major environmental factor regulating the distribution and structure of macrobenthic communities [Kassens, et al., 1999] .
Past Marine Environments
The dramatic changes in the paleoceanography and climate of the Arctic periphery affected all aspects of the Arctic Ocean system during the Quaternary, including hydrography, sedimentation, and biota. The latest major revolution of arctic environments occurred during the long transition from the peak of the last glaciation some 20 ka ago well into Holocene times. Besides the disappearance of large ice sheets in many parts of the circum-Arctic region, the associated climatic warming, the rising sea level, and atmospheric changes affected environmental conditions dramatically in the central Arctic Ocean and its marginal regions. During this transition, the shallow continental shelf became widely flooded, causing the circum-Arctic environment to change from a dominantly terrestrial-fluvial to a marine environment with a strong fluvial influence over the vast width of the Siberian shelves. Time-transgressive changes in sedimentation together with geochemical and micropaleontological proxy data give clear evidence of the southwardly transgressing sea on the shallow shelves until about 5-6 ka.
Parts of the north Siberian margin, notably in the Kara and Laptev seas, are now probably the most comprehensively studied seafloor along the Arctic margins, due to multidisciplinary investigations mainly in the framework of Russian-German joint projects over the past 20 years [Bauch et al., 2001; Stein et al., 2003 Stein et al., , 2004 Kassens et al., 1999 Kassens et al., , 2007 Kassens et al., , 2009 . Because most of the shelf areas east of Taymyr Peninsula were subaerially exposed and not covered by glacier ice during the last glacial maximum, the postglacial sea To establish the detailed chronology of the Holocene transgression in Arctic Siberia, a total of 14 sediment cores from the Laptev Sea continental slope and shelf were studied covering the water depth range between 983 and 21 m. The age models of the cores were derived from >120 radiocarbon AMS ]. The inundation history was reconstructed mainly on the basis of major changes in average sedimentation rates (ASR), but also other sedimentological parameters were incorporated (Fig. 8) .
A diachronous reduction in ASR from the outer to the inner shelf region is recognized, which was related to the southward migration of the coastline as the primary sediment source. It was estimated that the flooding of the 50-, 43-, and 31-m isobaths was completed by approximately 11.1, 9.8, and 8.9 cal. ka, and that Holocene sea-level highstand was approached near 5 cal. ka. in the river-proximal shelf areas are mainly governed by the salinity gradients [Lisitzin, 1995 , Stein et al., 2004 , the depositional environments of riverine diatoms as a major component of river-loaded organic matter in the shelf zone were determined according to the mean interannual summer surface-water salinities.
The revealed avalanche-like precipitation of both organic matter and riverine planktonic diatoms in the mixing zone of fresh-and marine waters under salinity <5‰ ("marginal filter" according Lisitzin, [1995] ) provided an additional proxy for the investigation of the sedimentation processes on the Siberian shelves.
Moreover, detailed reconstructions of the Lena River runoff through the major riverine channels of the Lena Delta were performed for the last 6 cal. ka In addition, interpreting both planktonic and benthic fossil communities allow to make relevant assumptions on past water depths, the specific depositional setting as well as the variable influence of paleoriver discharge on the shelf salinity during the last 11,000 years ( Fig. 9, O from the cores indicate that Holocene river input into the eastern Laptev Sea has been governed by dominantly cyclical behavior. While the diatom record primarily reflects the southward retreat of the coastline during the postglacial transgression between 9000 and 7000 yr ago, as well as variable seaice conditions during the Holocene, the foraminiferal data indicate changes in bottom-water salinity with a recurrence interval of 1000 yr over the past 8500 yr. Although global transgression in the Laptev Sea came to an end ~5000 yr ago, modern Bivalves, ostracods and foraminifers, studied in AMS 14 C-dated sediment cores from the shelf and the continental slope of the Laptev Sea aging back to 15.8 cal. ka with North Atlantic affinities, provide evidence on past inflows of Atlantic-derived waters, whereas freshwater inputs, downslope sediment movements and ice rafting are documented by the presence of euryhaline, brackishwater and freshwater ostracods and the planktic/benthic ratio [Taldenkova et al., 2008] . On the basis of continuous records of ice-rafted debris (IRD) in sediment cores from the western Laptev Sea outer shelf and continental slope provide evidence for iceberg production by the local ice caps on Severnaya Zemlya [Taldenkova et al., 2010] .
In addition to water discharge, the Siberian rivers also deliver large amounts of suspended particulate material including organic carbon. Characteristics of organic carbon in marine sediments such as δ 13 C, C/N ratio as well as different types of biomarkers allow determination of the terrestrial or marine provenance of the organic fractions [Bauch, H., et al., 2001; Fahl & Stein, 1999; Stein et al., 2003 Stein et al., , 2004 . Thus, the composition of the arctic shelf sediments helped to trace land-ocean pathways of organic matter and sediments.
The Laptev Sea represents the southern rim of the Eurasian Arctic Ocean basin in northern Russia, where there is a currently active spreading axis, the Gakkel Ridge, which is the divergent boundary between the North American and the Eurasian plates in the Arctic. The Gakkel Ridge, the world´s slowest spreading mid-ocean ridge, approaches the Laptev Sea shelf at a right angle and the tectonic structure. Multichannel seismicreflection studies, carried out over the Laptev Sea shelf during the past two decades, have revealed a vast rift system with a very slow spreading rate of 0.3 cm/yr [Drachev, 2000] . Its origin is related to the opening of the Eurasian Basin and the evolution of the Gakkel spreading center. The process started ~58 million yr ago and has remained active throughout the Cenozoic. The Laptev Sea shelf is one of a few places worldwide where a currently active mid-ocean-ridge system approaches a continental margin. The high tectonic activity of this region is resulting in fault formation and earthquakes along the major structural elements. Considering that ice-bonded and ice-bearing sediments with thickness of several hundred meters have been verified by seismic records, the Laptev Sea is a sensitive area in terms of stability and global climate changes.
Evolution of permafrost
The permafrost in northern Eurasia is a very complex and special phenomenon which developed in response to very cold temperatures over the region during the Late Cenozoic. It can be up to 1500 m thick, covers approximately 25% of the land masses of the Earth and finds its most vivid expression in the formation of Ice Complexes in Northern Central Siberia, mostly to the East of the Eurasian ice sheets of the Quaternary Glacial Maxima. One of the most important contributions of the bilateral Russian-German studies in the region were the detection and description of the submarine continuation of the continental permafrost under the adjacent shelves which were dry land during the Last Glacial Maxima, the determination of timing, regional distribution of the onset of permafrost formation, the precision of paleoenvironmental changes during the Ice Complex formation, and its degradation under postglacial sea level rise and modern environmental processes.
Ice Complexes, extremely ice-rich permafrost deposits ( Fig. 10 ) are widely distributed in the Arctic regions of northeast Siberia, and present excellent archives for the reconstruction Late Quaternary paleoenvironmental conditions in non-glacial areas (Fig. 11) The submarine continuation of the continental permafrost under the adjacent Laptev Sea shelf is still poorly understood, due mainly to scarce direct observations. Thermal modelling and geophysical data suggest that large areas of the shallow Eastern Siberian shelf are underlain by relic offshore submarine permafrost from the coastline down to a water depth of about 100 meters. Recent results suggest that ice-bearing continuous permafrost with thickness of 400-600 meters can be expected in the coastal offshore zone, whereas the coastal onshore permafrost should be 700-1000 meter thick [Romanovskii et al., 2005 [Romanovskii et al., , 2009 [Meyer et al., 2002] . In addition, IR-OSL age determinations of 111,000 ± 7500 years for the lowermost unfrozen sediments (Fig. 12) , which contain marine pore water with salinities reaching 30‰, indicate that these marine sediments could be of Eemian age (Marine Isotope Stage 5e). 
Particular emphasis in
